The conserved residue Gly47 of the chloroplast ATP synthase ε subunit was substituted with Leu, Arg, Ala and Glu by site-directed mutagenesis. This process generated the mutants εG47L, εG47R, εG47A and εG47E, respectively. All the ε variants showed lower inhibitory effects on the soluble CF 1 (-ε) Ca 2+ -ATPase compared with wild-type ε. In reduced conditions, εG47E and εG47R had a lower inhibitory effect on the oxidized CF 1 (-ε) Ca 2+ -ATPase compared with wild-type ε. In contrast, εG47L and εG47A increased the Ca 2+ -ATPase activity of soluble oxidized CF 1 (-ε). The replacement of Gly47 significantly impaired the interaction between the subunit ε and γ in an in vitro binding assay. Further study showed that all ε variants were more effective in blocking proton leakage from the thylakoid membranes. This enhanced ATP synthesis of the chloroplast and restored ATP synthesis activity of the reconstituted membranes to a level that was more efficient than that achieved by wild-type ε. These results indicate that the conserved Gly47 residue of the ε subunit is very important for maintaining the structure and function of the ε subunit and may affect the interaction between the ε subunit, β subunit of CF 1 and subunit III of CF o , thereby regulating the ATP hydrolysis and synthesis, as well as the proton translocation role of the subunit III of CF o .
There is a stable hydrophobic interface between the two domains, which allows rotational motion of the two domains. Cross-linking studies suggest that there are direct interactions between the ε subunit and the α and β subunits via the ε subunit C-terminal α-helix domain and between the γ subunit and c subunit ring via the ε subunit N-terminal part in E. coli [11, 12] . The truncated form of the E. coli ε subunit with 46 residues deleted from the C-terminus has been found to be capable of inhibiting ATP hydrolysis and promoting the binding of F 1 to F o [13] . Jounouchi et al. showed that the deletion of 15 residues from the Nterminus of the E. coli ε subunit did not seriously impair its function. The chloroplast ε subunit has been found to be more sensitive to the truncations of the N-terminal or C-terminal than the E. coli ε subunit [14] . The N-terminus of the ε-subunit is more important for its interaction with γ and some CF o subunits. This indicates that E. coli and chloroplasts may differ in the conformation of the two termini of the ε subunit on ATP synthase [15] .
Gly29, Gly32, His37, Pro39, Thr42, Gly47, Gly65, Gly66, Leu78, and Ala123 are examples of several conserved amino acids in the ε subunit. Substitutions of some amino acids in special positions affect the structures and functions of the ε subunit in E. coli and chloroplasts [16] [17] [18] [19] [20] .
In this study, we constructed mutants using sitedirected mutagenesis at the conserved residue Gly47 of the spinach chloroplast ε subunit and examined the effects of these replacements on the ability of the ε subunit to inhibit ATP hydrolysis, block proton leakage and restore ATP synthesis in reconstituted membranes.
Materials and Methods

Generation of ε ε ε ε ε site-directed mutants
The site-directed mutants of the ε subunit were generated by PCR with pJLA503ε as the template, using specific mutagenic primers ( Table 1) . KOD-Plus DNA polymerase from Toyobo (Tokyo, Japan) was used in the PCR.
Overexpression ε ε ε ε ε mutants and GST fusion proteins
The PCR-generated mutants were transformed into competent E. coli DH5α cells. Overexpression and purification of recombinant ε proteins were performed as described by Shi et al. [15] . Overexpression and collection of GST or GST-γ fusion protein in E. coli were carried out as previously described with the fusion protein expression vector pGEX-2T (Pharmacia, Uppsala, Sweden) [21] .
Preparation of CF 1 and CF 1 (-ε ε ε ε ε) CF 1 was prepared from market spinach leaves and stored at 4 °C as a (NH 4 ) 2 SO 4 precipitate, according to the method described by Wei et al. [23] . CF 1 deficient in the ε subunit, CF 1 (-ε), was prepared as previously described by Cruz et al. [19] .
Preparation of thylakoid membranes deficient in ε ε ε ε ε subunit Thylakoid membranes deficient in CF 1 were prepared according to the method described by Nelson and Eytan [22] . CF 1 (-ε) was incubated with thylakoid membranes deficient in CF 1 for 30 min at a mass ratio of 4 mg of CF 1 (-ε) to 1 mg of Chl. The membranes were centrifuged at 4 °C and 30,000 g for 5 min to form a pellet that was resuspended in cold STN buffer (0.4 M sucrose, 50 mM Tris-HCl, 10 mM NaCl, pH 8.0).
Reconstitution of ε ε ε ε ε-deficient thylakoid membranes with recombinant ε ε ε ε ε proteins
Reconstitution of ε-deficient thylakoid membranes with ε proteins was performed as previously described by Cruz et al. [19] . The ε proteins to CF 1 (-ε) was diluted to appropriate molar ratio with a pre-chilled solution (25 mM Tris-HCl, pH 8.0, 20% ethanol, 30% glycerol). The ε proteins were preincubated with ε-deficient thylakoid membranes for about 20 min prior to the assay.
Measurement of ATPase activity
CF 1 (-ε) was incubated with ε proteins for 20 min at room temperature. To measure the Ca 2+ -ATPase activity, 1 ml of reaction mixture containing 50 mM Tris-HCl (pH 8.0), 5 mM ATP, 5 mM CaCl 2 and 10 µg of reconstituted CF 1 was incubated at 37 °C for 5 min. The reaction was stopped by adding 200 µl of 20% trichloroacetic acid, and the concentration of inorganic phosphate was determined as previously described by Taussky and Shorr [24] .
Reductive activation experiments were conducted according to the methods described by Nowak and McCarty [25] . CF 1 (-ε) was oxidized by incubation with 0.1 mM CuCl 2 for 30 min. After removal of CuCl 2 by centrifugal gel filtration, CF 1 (-ε) was either assayed directly or reconstituted with ε proteins. The preparations were done at room temperature with 10 mM DTT in 50 mM Tris-HCl (pH 8.0) and 2 mM EDTA. Ca 2+ -ATPase activity was measured at 37 °C at various times after the addition of DTT to the reaction mixture [50 mM Tris-HCl (pH 8.0), 5 mM ATP, 5 mM CaCl 2 and 10 µg of CF 1 (-ε) http://www.abbs.info; www.blackwellpublishing.com/abbs or reconstituted CF 1 ]. The concentration of inorganic phosphate was determined as previously described by Taussky and Shorr [24] .
In vitro binding assay of ε ε ε ε ε and γ γ γ γ γ subunits and immunoblotting analysis Equal amounts of GST or GST-γ fusion protein were bound with glutathione-Sepharose 4B (bed volume, Amersham, Uppsala, Sweden) beads in binding buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM PMSF and 10% glycerol, pH 8.0) at 4 °C for 1 h. The bound glutathione-Sepharose 4B beads were incubated with the E. coli cell lysates containing equal amounts of the ε subunit proteins for 2 h at 4 °C in binding buffer. After incubation, the beads were washed 3 times with 0.5 ml of binding buffer, and once with 0.5 ml of PBS buffer. Then they were boiled in 2×SDS loading buffer for 3 min, and the proteins were analyzed on 15% SDSpolyacrylamide gel. The proteins were transferred to a nitrocellulose membrane and detected by Western immunoblot analysis using an ECL Western blotting detection system (Little Chalfont, UK) with an anti-ε antiserum antibody [26, 27] .
Measurement of photophosphorylation activity
The reaction mixture contained 50 mM Tricine-NaOH (pH 8.0), 5 mM NaCl, 5 mM MgCl 2 , 2 mM Na 2 HPO 4 , 1 mM ADP, 1 mM FeCy and thylakoid membranes with 10 µg of chlorophyll. Thylakoid membrane suspensions, thylakoids incubated with ε proteins and thylakoid membranes reconstituted with the ε subunit or mutant ε proteins [molar ratio of ε proteins to CF 1 (-ε) was 40:1] were added to the reaction mixture. The final reaction mixture was illuminated for 1 min at 25 °C and then placed in boiling water for 5 min. The sample was centrifuged at 3000 g for 4 min and the supernatant was used for the measurement of ATP content. The ATP content was measured by luciferin/luciferase luminescence assay as previously described by Wei et al. [28] .
Measurement of the chloroplast ms-DLE
The millisecond-delayed light emission (ms-DLE) of the chloroplasts was measured using 2 ml reaction mixtures containing 50 mM Tricine-NaOH (pH 8.0), 2 mM MgCl 2 , 20 mM KCl, 2 mM NaH 2 PO 4 , 0.1 mM methyl viologen (MV) and the chloroplast with 40 µg of chlorophyll. After 50 µg of ε subunit or mutant ε proteins was added to the chloroplast suspension containing 200 µg/ml chlorophyll, the mixture was preincubated in an ice bath for 20 min. Then 0.2 ml of the mixture was added to 1.8 ml of reaction solution, which was stored at room temperature or preincubated in an ice-bath for 10 min. Then the samples were immediately put into a phosphorescope for ms-DLE measurement according to the method described by Wei et al. [29] .
Results
Overexpression of the spinach chloroplast atpE gene in E. coli
The mutations were performed by PCR using specific mutagenic primers ( Table 1 ) with pJLA503ε as the template. The plasmids containing the spinach chloroplast atpE gene and its mutants were transformed into E. coli DH5α cells and were highly overexpressed. Upon SDS-PAGE, the wild-type ε (εWT) protein and the site-directed mutants migrated to a position similar to that of the native ε subunit from spinach CF 1 (Fig. 1) . Table 1 Primers used for site-directed mutagenesis of chloroplast ATP synthase ε ε ε ε ε subunit Inhibition of the ATPase activity of CF 1 (-ε ε ε ε ε) and oxidized CF 1 (-ε ε ε ε ε)
The Ca 2+ -ATPase activity of CF 1 (-ε) and oxidized CF 1 (-ε), incubated with different ε proteins, was measured to assess the inhibitory ability of ε and its mutants. As shown in Fig. 2 , the εWT subunit inhibited nearly 90% of the Ca 2+ -ATPase activity of CF 1 (-ε). The inhibitory potency of every ε mutant was lower than that of the εWT subunit. The mutant εG47E inhibited about 60% of the Ca 2+ -ATPase activity of CF 1 (-ε); mutants εG47R and εG47A inhibited 40% and 20%, respectively. The ability of mutant εG47L to inhibit the Ca 2+ -ATPase activity of CF 1 (-ε) was completely abolished.
In the presence of DTT, soluble CF 1 can be reduced and show high ATPase activity [30] . Removal of ε increases susceptibility of γ to proteolysis and led to a reduction by DTT [30, 31] . Reduction of γ disulfide, the only disulfide bond in the enzyme, increased the ATPase activity of CF 1 and CF 1 (-ε). Treatment with CuCl 2 led to an oxidized unification of the CF 1 (-ε). The absence of ε caused the exposure of γ disulfide and produced a reduction, which resulted in enhancement of the Ca 2+ -ATPase activity. Additionally, reconstitution of ε can reverse this effect [25] . We measured the Ca 2+ -ATPase activity of oxidized CF 1 (-ε) and CF 1 (-ε) incubated with different ε proteins and DTT. As shown in Fig. 3 , εWT inhibited about 49% of the Ca 2+ -ATPase activity of oxidized CF 1 (-ε), 65 min after adding DTT. The inhibitory potency of both εG47E and εG47R was lower than that of the εWT subunit, and was about 27% and 15%, respectively. However, the εG47L and εG47A mutations improved the Ca 2+ -ATPase activity of oxidized CF 1 (-ε) by about 19% and 7%, respectively. The εWT and mutant ε proteins showed the same direction of inhibition of Ca 2+ -ATPase on the oxidized Gel electrophoresis profiles of ε ε ε ε εWT and mutants overexpressed in E. coli
Inclusion body preparations were analyzed by SDS-PAGE on 15% polyacrylamide gel and proteins were stained with Coomassie brilliant blue R-250. Each lane contained about 10 µg of protein. 1, partially purified spinach chloroplast CF1; 2-6, inclusion body preparations of εWT, εG47L, εG47R, εG47A and εG47E, respectively.
Fig. 2
Inhibition of Ca 2+ -ATPase activity of CF 1 (-ε ε ε ε ε) by ε ε ε ε ε subunit and its mutants CF 1 (-ε) was reconstituted with increasing amounts of εWT or its mutants in solution. The equivalent of 10 µg of CF1(-ε) from each reconstitution was assayed for Ca 2+ -ATPase activity as described in "Materials and Methods". The inhibitory ability of ε is given as a percentage inhibition of the maximal Ca 2+ -ATPase activity in the absence of ε (100%). In each case, the maximum activity was with CF 1 (-ε) pre-incubated with an equivalent amount of control buffer. The maximum activity varied between 9 and 12 µmol of P i /min mg protein.
Fig. 3
Effects of ε ε ε ε εWT and its mutants on Ca
2+
-ATPase activity of CF 1 (-ε ε ε ε ε) in the reductive condition CF 1 (-ε) was oxidized by incubation with 0.1 mM CuCl 2 for 30 min. Then it was assayed directly or reconstituted with ε. Ca 2+ -ATPase activity was measured at 37 °C at various times after adding DTT.
http://www.abbs.info; www.blackwellpublishing.com/abbs and native CF 1 (-ε). This suggests that the sequence of interaction between different ε proteins and the CF 1 core, especially in the γ subunit, is the same.
Interaction of subunits ε ε ε ε ε and γ γ γ γ γ in vitro
The ε/γ interaction was detected by GST pull-down assays. The GST-fusion protein was overexpressed in E. coli using an expression plasmid with the full-length cDNA encoding the γ subunit fused to the carboxyl-terminal end of the GST gene. As shown in Fig. 4 , GST did not bind to εWT, but GST-γ was able to bind to the ε construct directly. But all mutant ε proteins had a lower affinity for GST-γ. The affinity for GST-γ was slightly decreased in the mutants εG47E, εG47R, and εG47A. The mutant εG47L had an especially low binding affinity.
Effects of ε ε ε ε ε proteins on the photophosphorylation activities of chloroplasts and reconstituted thylakoid membranes
Spinach chloroplasts were incubated with the εWT subunit and its mutants, and the photophosphorylation activities were then measured. As shown in Table 2 , all ε proteins improved the ATP synthesis activity of the spinach chloroplasts. The mutant εG47L greatly enhanced the ATP synthesis activity, while the mutants εG47A and εG47R also increased ATP synthesis, but to a lower degree. The mutant εG47E showed minimal enhancement of ATP synthesis.
The photophosphorylation activity was also measured after ε-deficient thylakoid membranes were incubated with recombinant ε proteins ( Table 3) . The thylakoid membranes(-CF 1 ) had no non-cyclic photophosphorylation activity. However, ε-deficient thylakoid membranes, obtained by incubating the thylakoid membranes(-CF 1 ) with CF 1 (-ε), showed very low non-cyclic photophosphorylation activity. This corresponded to 4%-5% of the activity of the control chloroplast. The ATP synthesis activity of those membranes was partially restored when they were reconstituted with recombinant ε proteins. The   Fig. 4 Interactions of ε ε ε ε εWT and its mutants with γ γ γ γ γ in vitro GST pull-down assays were performed as described in "Materials and Methods". GST or GST-γ fusion proteins were bound to glutathione-Sepharose 4B beads, and 6 µg of the ε construct proteins were incubated with 20 µl of beads. After washing, the beads were subjected to Western blot analysis with anti-ε antiserum.
GST was used as a negative control by incubating 20 µl of the beads bound with GST, along with 6 µg of the εWT recombinant. FeCY served as the non-cyclic electron transport acceptor. The thylakoid membrane (mem.) deficient in CF 1 (about 10 µg of chlorophyll) was recombined with 40 µg of CF 1 (-ε) and the molar ratio of recombinant ε proteins to CF 1 (-ε) was 40:1. Table 3 Photophosphorylation activities of reconstituted thylakoid membranes reconstituted εWT and ε-deficient thylakoid membranes may have 33%-38% of the ATP synthesis activity of the thylakoid membrane. All of the ε mutants restored the photophosphorylation activity of reconstituted membranes more efficiently than the εWT subunit. Among them, the mutant εG47L most effectively restored the non-cyclic photophosphorylation activity of the ε-deficient thylakoid membranes. The percentage of restored activity was shown to increase to 66%, which was nearly double the restored activity achieved with the εWT protein. The restoration potency of the mutant εG47E was the lowest of the mutant ε proteins, and similar to that of the εWT protein ( Table 3) .
Effects of ε ε ε ε ε proteins on the intensity of the ms-DLE of chloroplasts
It is generally thought that the ms-DLE originates from the reverse reaction of the photoact in Photosystem II, which is stimulated by the proton motive force across the thylakoid membrane. This process provides the energy to overcome the activation barrier of the recombinant process. Wright and Crofts [32] have revealed that the fast phase of ms-DLE (<0.1 s) is correlated with a rapid establishment of the thylakoid membrane electron potential, while the slow phase of ms-DLE (>1 s), however, was stimulated mainly by the proton gradient. Xu and Shen [33] have reported that the fast phase of ms-DLE is partly correlated with the number of protons released by water oxidation. At room temperature, the intensity of the ms-DLE fast phase of spinach chloroplasts was increased after treatment with the ε subunit or its mutants, and the enhancement effect of the ε mutant protein was higher than that of εWT (Fig. 5) . The mutant εG47L had the most robust enhancement effect, followed by εG47R, εG47A and finally εG47E, in descending order. The intensity of the ms-DLE slow phase was also increased by the εWT subunit and its mutants, and the mutants of ε proteins enhanced the ms-DLE slow phase more profoundly than the εWT. When the measurement of ms-DLE was conducted at low temperatures, both the εWT subunit and its mutants enhanced the ms-DLE fast phase in spinach chloroplasts. The intensity of the ms-DLE fast phase of chloroplasts treated with ε proteins may reflect the role of the ε subunit in blocking proton leakage [29, 34, 35] .
Discussion
Implication of the improvement of ATPase activity by ε ε ε ε ε mutation A sequence comparison of the ε subunits from different organisms has shown that the Gly47 residue in the ε subunit of the spinach chloroplast ATP synthase is well conserved across the species. It is located on the Nterminal of the sixth β-sheet of the β-sandwich domain of ε; this site is outside of the β-sandwich domain and near the C-terminal α-helix domain of ε. Ιn this study, the inhibitory effects of all ε mutants on the ATPase activity of both soluble CF 1 (-ε) and oxidized CF 1 (-ε) were lower than those of the εWT subunit. It is well known that the C-terminal α-helix of the ε subunit is required for full inhibition of ATP hydrolysis by CF 1 -ATPase [14, 18, 36, 37] . The above results indicate that the mutation of Gly47 may influence the conformation of the C-terminal domain of ε and the interaction between ε and the CF 1 core, especially with the γ subunit. 
Effects of εWT and its mutants on the intensity of the ms-DLE of spinach chloroplasts
Chloroplast ms-DLE was measured as described in "Materials and Methods". BSA was used as a negative control. (A) The ms-DLE measured at room temperature. a, chloroplast; b, a+BSA; c, a+εWT; d, a+εG47L; e, a+εG47R; f, a+εG47A; g, a+εG47E. (B) The ms-DLE measured at a low temperature (about 0 °C). a, chloroplast; b, a+BSA; c, a+εWT; d, a+εG47L; e, a+εG47R; f, a+εG47A; g, a+εG47E. R.I., relative intensity.
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The structure of bovine F 1 -ATPase confirms the structural homology between the mitochondrial δ, and bacterial and chloroplast ε subunits [38] . They all have two domains, including an N-terminal β-sandwich and a C-terminal α-helix. It has been established that the bacterial ε and mitochondrial δ subunit, binds to γ directly and rotates with the γ and c (homologous to CF o-III in chloroplasts) subunits as part of a rotor (γεc 10 ) [39] [40] [41] . Cross-linking experiments have shown that residues Ser10, His38, Thr43, Ser65, Glu70, Thr77 and Asp81 can be cross-linked with the γ subunit [42] . The Gly47 residue is located on the same side as these residues in the β "sandwich" structure of the ε subunit, and is thought to be involved in the interaction with the γ subunit. This was confirmed in our GST pull-down experiment (Fig. 4) . The ε/γ interactions detected by the GST pull-down assay are consistent with the ATPase analyses of these sitedirected mutants. These results indicate that the decrease in inhibition is at least partially caused by the reduced affinities of these ε mutants for the γ subunit Two different arrangements of the ε subunit exist in the ATP synthase. The first has been observed in beef heart mitochondrial F 1 -ATPase and in the isolated form of the E. coli ε subunit, in which the C-terminal portion is arranged as a two-α-helix hairpin structure that extends away from the α 3 β 3 region, and toward the position of the c subunit ring in the intact F 1 F o (the "down" state). The second arrangement has been observed in a structural determination of the γ and ε subunit complex of the E. coli F 1 -ATPase. In this complex, the two C-terminal helices are apart, extend along the γ and interact with the α and β subunits in the intact complex (the "up" state) [43, 44] . ATP hydrolysis is activated with the C-terminal domain in the down-state, and the enzyme is fully coupled in both ATP hydrolysis and synthesis; moreover, ATP hydrolysis is inhibited in the up-state and the enzyme is fully functional in ATP synthesis [43] . The improvement of ATP hydrolysis by the ε Gly47 mutants indicates that replacements at this site may affect the conformation of the C-terminal α-helix domain of ε. Thus, the C-terminal domain may change to the down-state in the presence of ATP, generating an enhancement of ATP hydrolysis. In the reduction experiment, as a result of the impairment of interaction between the ε and γ subunits, reconstitution of ε variants less effectively inhibited the ATPase activity, as compared with εWT. The mutants G47A and G47L showed the ability to activate ATP hydrolysis. As ATP hydrolysis is activated in the down-state of the C-terminal domain of ε, G47A and G47L may remain strictly in the down-state in the presence of ATP. It can also be presumed that G47E and G47R remain more strictly in the downstate, as compared with εWT. The results from the ATPase activity experiments indicate that replacement of the Gly47 residue decrease the ε/γ affinity and allow the ε subunit to adopt the down-state to a greater extent.
Implication of the improvement of ATP synthesis activity by ε ε ε ε ε mutation
All of the ε mutants had increased photophosphorylation activities more efficiently as compared with the εWT subunit. The restoration efficiency of the ε variants in the ε-deficient thylakoid membranes was correlated with an increase of chloroplast ATP synthesis activity. The photophosphorylation activity is known to be proportional to the proton motive force across thylakoid membranes from plant chloroplasts, all other conditions were same. The results of ATP synthesis analyses indicate that the proton motive force across the membranes was enhanced by the replacement of the Gly47 residue; this was confirmed with the ms-DLE assay. Previous reports have suggested that adding the ε subunit to the chloroplast preparation has a specific action on H + -ATP synthase, which leads to some conformational changes and results in a lower rate of proton leaking [35] . It is now clear that the ε subunit, either in F 1 or F o F 1 , is in the up-state conformation in the absence of nucleotides or the presence of ADP. Additionally, it is apparent that the ε subunit is in the down-state conformation in the presence of ATP. The proton motive force stabilizes the up-state. Responding to the increase of proton motive force and ADP, F o F 1 -ATPase/synthase transforms the ε subunit into the upstate conformation and changes it to ATP synthesis mode [45] . Hara et al. [37] have shown that electrostatic interaction between the C-terminal helix of the ε subunit and the DELSEED motif in the β subunit is essential for the ε subunit to function. Additionally, the crystal structure of the ε subunit shows that while in the up-state, the two helices of ε are fully extended to insert the C-terminus into a deep position in the central cavity of F 1 , and the Cterminus of the ε subunit is close to the N-terminus of the γ subunit in thermophilic F 1 [45] . Cross-linking the Cterminal of ε and the c subunit of F o in E. coli ATP synthase has resulted in high hydrolysis activity, but it did not affect the ATP synthesis activity [43] . The replacement of the Gly47 residue may produce conformational changes to the up-state of the ε subunit. As a response to the increase in the proton motive force and ADP, the enzyme transforms the ε subunit into the up-state conformation and changes it to ATP synthesis mode. The impairment of the ε/γ affinity by the replacement of the Gly47 residue, most likely caused by the reduced interaction between the Nterminal β-sheet sandwich domain and γ, is considerably more propitious to the extending portion of the C-terminal α-helix than to the β subunit. This results in the increase in ATP synthesis.
Regulation of the proton gate function of ε ε ε ε ε subunit and the proton translocation function of subunit III by Gly47
The ATP synthesis activity of chloroplasts was increased after treatment with the ε proteins ( Table 2 ). All of the ε variants restored the ATP synthesis activity of ε-deficient thylakoid membranes more efficiently compared with εWT ( Table 3) . As shown in Fig. 5 , all of the ε variants were able to enhance the intensity of ms-DLE more efficiently than the εWT subunit, with the same direction of effect on ATP synthesis activity. This shows that the ε variants may block proton leakage from the thylakoid membranes more efficiently. The replacement of Gly47 also increased the proton gradient across the membrane, as shown by the enhancement of the slow phase. A previous study has shown that the fast phase of ms-DLE is mainly correlated with a rapid establishment of ∆E [32] , and partly corresponds to the number of protons released from water oxidation [33] . Proton release from the oxidation of water in the fast phase of ms-DLE is affected by temperature; the intensity is diminished if the process takes place at room temperature [46] . This may explain why the fast phase of ms-DLE showed a greater enhancement at a low temperature [ Fig. 5(B)] . A cross-linking study of ε in E. coli has shown that the link between the C-terminal domain of ε and c subunit of F o or β subunit of F 1 does not tend to affect the ATP synthesis activity of the enzyme [47] . Cipriano also suggested a ratchet mechanism in which a partial rotational movement of γ and the N-terminal domain of ε couples to a reorientation of the C-terminal helix at an α/β interface. Additionally, partial rotation of the N-terminal domain of ε and the attached ring of c subunits are essential to the nucleotide-dependent conformational change of ε in ATP synthase [48] . Our results suggest that when bound to the thylakoid membranes, and in the presence of CF o , ε interacts with the subunit III ring, playing an important role in proton translocation in ATP synthase [49] . Except for the impairment of the ε/γ affinity, the conformational change of the N-terminal domain, gained by the replacement of the Gly47 residue of the ε subunit, further affects the interaction between ε and the subunit III ring. These changes lead to an increase in the ability to block proton leakage from the thylakoid membranes and results in an increase in ATP synthesis activity. These results suggest that the Gly47 residue plays an essential role in the interaction between the N-terminal of ε and the subunit III ring, and regulates the function of the proton gate of ε in ATP synthase.
Regulation of the conformational arrangement of the C-terminal domain by the Gly47 site attribute
In the ε mutants, the gradient of increasing ATP hydrolysis activity is consistent with an increase in ATP synthesis. By determining the crystal structure of a α 3 β 3 γε complex of thermophilic F 1 , Suzuki et al. [45] have suggested that three helices--the coiled-coil of the γ subunit and C-terminal helix of the ε subunit--rather than two, rotate as a body within the α 3 β 3 ring when F o F 1 is in the up-state, and synthesize ATP. It has been well established that two conformational arrangements (the up-and down-states) of the ε subunit C-terminal domain regulate ATP hydrolysis and ATP synthesis of the ATP synthase. The γ subunit most likely mediates the changes of ε conformation in a nucleotide-dependent movement mechanism, because it interacts strongly with both ε and α 3 β 3 [47] . The impairment of the interaction between the γ and ε subunits allows the C-terminal two-α-helix conformation to occupy more space, and thus there are more opportunities for the conformation to change.
In the presence of ATP, the ε subunit adopts the downstate and activates ATP hydrolysis of F 1 . Because the replacement of Gly47 decreases the affinity between the ε and γ subunits, the C-terminals of the mutant ε proteins can adopt the down-state to a greater extent, as compared with εWT. Additionally, ATP hydrolysis is better activated in F 1 that has been reconstituted with ε mutants, as compared with εWT. In the presence of ADP and the proton motive force, ε is predominantly in the up-state and F o F 1 synthesize ATP. The decrease in ε/γ interaction by the Gly47 replacement allows the C-terminal helix to extend to a deeper position in the α 3 β 3 region of F 1 , and to interact with the DELSEED motif in the β subunit. The change in the interaction between the N-terminal domain of ε and the subunit III caused by the site-directed mutation promotes the proton motive force. Additionally, the increased proton motive force stabilizes the up-state, resulting in continuous ATP synthesis, which is observed as an enhancement of ATP synthesis activity. Does the deeper extension of the C-terminal domain of ε to the α 3 β 3 region, while in the up-state, also benefit the increase of the proton motive force as well as the increased proton motive force attributes to ATP synthesis? Further study on the regulatory roles is required.
